ABSTRACT
INTRODUCTION
Due to the increasing number of DERs with dynamic grid support requirements, active distribution grids (ADGs) become more important for transient stability analyses [1] . In order to include ADGs into transient stability studies time domain models for DERs are needed. Today, the validity of dynamic DER models is a major challenge [2] . One way of facing this problem is the validation of the models and their parameterizations against real-life devices. One DER technology is the directly coupled SG, mainly used in CHPs in German low voltage grids [3] . Within this paper an insight into the planning and implementation details for the development of similar test stands is given. The exemplary tests in this paper focus on the transient behaviour of the test stand during large active and reactive load variations in an islanded grid.
PLANNING AND DESIGN
To be able to test a large variety of different SGs and control schemes, a modular design is used with the combination of an electric motor and generator. The electric drive is a highly dynamic asynchronous machine (ASM) -instead of a gas or diesel engine -to be able to emulate the behaviour of different types of engine and governor concepts. To adopt different control concepts for both, the motor and the generator, an embedded control system with a real-time operating system including a FPGA is used. The device under test used in the following is a real-life SG that can be found in many small-scale CHPs in Germany.
Electrical and mechanical design
The overall power layout of the test stand is 50 kW. In order to fulfill today's and future grid codes [4] , a 84 kW SG (4 poles at 50 Hz and 1,500 rpm respectively) with a standard AVR is used, which can supply 105 kVA at a power factor of 0.8. To emulate a large variety of gas engines a highly dynamic ASM with 63.75 kW power at a speed of 1,500 rpm in combination with a servo inverter with a maximum power of 110 kW are used. A speed and torque measuring flange (MF) for a maximum torque of 5 kNm and a maximum speed of 10,000 rpm is used. The components are mounted on a cast iron machine bed as shown in Figure 1 (see appendix for the real setup and for a complete list of the components used). All mechanical parts need to be compatible concerning their maximum mechanical stresses. The coupling, being the central connecting element between the rotating masses, is of major importance for the whole mechanical layout. The maximum torque at the coupling can be calculated as follows: the maximum braking torque of the SG at a three phase short circuit of = 10.1 kNm needs to be split onto the different components of the mechanical link as shown in Figure 2 The overall inertia is calculated as = + + . + + = (0.303 + 0.045 + 0.038 +0.035 + 0.791) kg•m². The braking torque that is transmitted from the generator to the motor over the coupling can be calculated as:
The torque that is transmitted from the motor to the generator over the coupling can be calculated as:
Using the values for this specific setup, the maximum torque at the coupling is , = , + , = 3.3 kNm (< 5 kNm).
Control design
The design of the electrical wiring of the components can be split into four main parts: functional safety (personal security), intrinsic safety (monitoring of system boundaries), control and measurement. The following parameters need to be monitored during operation: temperatures, frequency/speed, voltage, over current, re-/active power, exciter voltage and communication/measurement errors. The layout of the interactions between the physical components and the communication parts is shown in Figure 3 .
IMPLEMENTATION AVR
A standard, hard-wired automatic voltage regulator (AVR) is used (see Figure 4) [5] . This AVR is a state of the art product that is regularly used in CHPs. Therefore, it is suitable for a realistic emulation of common CHPs' electrical behaviours. The AVR does not depend on inputs from the measurement and control system. It comprises, amongst others, a lag element of the voltage measurement ( 1 , 2 ), a proportional amplifier ( ), an integrator ( 1 , 5 ) and several saturation limiters ( 1 , … , 5 ). Hence, the control structure differs from models commonly used in transient analyses such as the AVR "DC1A" [6] . 
Speed controller
The common drives of CHPs are gas or diesel engines. Therefore, an engine needs to be emulated in order to mimic a realistic inertia of the overall system. As a proof of concept and in order to demonstrate the potential of the highly dynamic drive, the inverter's standard speed controller is used (see Figure 5 ). The controller limits the relative set speed / with the preset limits and and then subtracts the current speed . With the help of a PI controller ( 1 , 1 ) and a proportional amplifier (1/ ) a reference value for the quadrature current , is calculated and limited ( , , , ). The second PI controller ( 2 , 2 ) controls the current to set the quadrature voltage of the asynchronous machine. For the islanded operation, the speed controller is set to a nominal speed of 1,500 rpm in order to keep the nominal frequency of 50 Hz. The authors emphasize that this controller does not reflect the transient behavior (inertia) of a real gas engine and is used only for the demonstration of the dynamic capabilities of the drive. 
TEST RESULTS

Laboratory setup
In order to demonstrate the operability of the test stand, a simple test setup for an islanded operation has been designed as a proof of concept. As shown in Figure 6 , the SG is directly coupled to a three phase resistive-inductive load bank using four single conductors (35 mm²) including the neutral conductor with | | ≈ = 1.53 mΩ each. The load bank is able to provide a maximum active load of 15 kW and inductive load of 5,7 kVAr (single phase). 
Experimental design
To demonstrate the dynamic performance of the test stand, the load variations shown in Figure 7 are applied to the test stand using the resistive-inductive load bank. Until = 90 s the active power is set either to 24 kW or 45 kW -the first being about 50 % of the nominal power and therefore representing the minimum value of a typical gas engine and the latter being almost the maximum nominal power of the whole test stand. The reactive power is set either to 0 kVAr or 17.1 kVAr, which is the load bank's maximum. These values are chosen to realize the maximum load variations possible using this resistive-inductive load bank. At the same time, the power factor cos does not fall below 0.8, thus staying in the test stand's limits and still applying for a realistic maximum power factor in low voltage (cos ≥ 0.95 [7] ) and in medium voltage grids (cos ≥ 0.9 [8] ). For > 90 s a rather academic phase shifting operation for future applications is applied. 
Results
The measurements shown in Figure 8 were recorded at the PCC of the SG. They demonstrate the highly dynamic performance of the test stand: the maximum overshoots recorded are ̂ ℎ. ≈ 3.3 kW and ̂ ℎ. ≈ 11.1 kVAr, still being in the test stand's limits. Both ( ) and ( ) (see Figure 7) are supplied with almost no delay (see Figure 8.a) . The maximum settling time of ( ) is ., ≈ 1.7 s (see Figure 8 .b) and the maximum settling time of ( ) is ., ≈ 2.3 s (see Figure 8 .c.). As expected, the test stand does prove to be much "faster" (low inertia) in its settling times than a common CHP with a gas or diesel engine [9] . Applying a higher inertia can easily be achieved by a software implementation in the measurement and control system using different speed or torque controls for the CHP emulation (e.g. [9] ). 
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CONCLUSION AND OUTLOOK
Conclusion
In this paper, a combined heat and power (CHP) test stand design and implementation is shown. The modular design can be used to investigate a large variety of different drives and synchronous generators. An exemplary laboratory test is presented and the drive can prove its highly dynamic performance. The setup can be used for the emulation of a large variety of engines and governors in future validation and stability studies. Overall, the layout can be used as a draft for similar research works in the field of laboratory CHP test stands of the same power range. For test stands with higher powers, the overall configuration (especially the setup of the mechanical parts) should be reconsidered.
Outlook
With the help of this test stand design, manifold dynamic CHP models can be validated for transient stability studies taking into account active distribution grids with a high number of distributed energy resources (DERs). The authors will focus on the investigation of the dynamic behavior of different SGs, on the combination of SGs with inverter interfaced DERs as well as on the investigation of new control concepts for islanded grids. 
